The understanding of why a gene is essential for a bacterium has implications in different research areas, such as bacterial evolution, synthetic biology and biotechnology, making the identification of essential genes a very active research field. Bacterial essential genes have been defined, among other criteria, by the inability to obtain viable mutants in such genes. In the case of Escherichia coli this approach led to the construction of the Keio collection of single-gene knockout mutants that contains deletions of all the open reading frames present in the genome with the exception of 303 genes that were found to be essential for the growth of this bacterium. One of the genes that was identified as essential is bcsB, which is involved in synthesis of extracellular cellulose. However, the reason for the essential nature of BcsB for E. coli viability has not been determined. In this work we show that bcsB is essential only in strains that have a functional capacity to synthesize cellulose, presumably due to the activity of BcsB in the translocation of this polymer across the periplasm. Thus, we propose that bcsB is a conditionally essential gene in E. coli.
INTRODUCTION
The identification of essential genes is important for the understanding the basic principles of life. Bacteria have been used as models to define essential genes and to select for cells with minimal genomes due to their relative simplicity and small genomes (Gil et al. 2004 , Glass et al. 2009 , Juhas et al. 2014 . This research has led to the foundation of the field of Synthetic Biology (Moya et al. 2009 , Hutchison et al. 2016 , Glass et al. 2017 and has biotechnological applications for the design of strains with higher productivity of certain metabolites (Lee et al. 2009 ) and in the search for new targets for antimicrobials .
The definition of an essential gene is mainly based on the inability to isolate viable mutants in it or to obtain deletions that comprise it. Recently, comparative genomics has been used as a tool for the comparison of genomic sequences to search for the presence of essential genes in the genomes of different bacterial species or even strains belonging to the same species (Arigoni et al. 1998 , Juhas, Eberl and Church 2012 , Luo, Gao and Lin 2015 . This strategy has led to the construction of databases of essential genes (Yamazaki, Niki and Kato 2008 , Ye et al. 2013 , Luo et al. 2014 , Peng et al. 2017 .
The first attempt to define essential genes of Escherichia coli K12 by the inability to obtain viable mutants rendered 620 candidates (Gerdes et al. 2003) . This number was further reduced to 303 essential genes by using a PCR-targeting strategy designed to obtain in-frame single-gene knockout mutants in every open reading frame present in the E. coli K12 genome (Datsenko and Wanner 2000) . The collection of mutants in all the non-essential E. coli genes obtained in this work is called the Keio collection (Baba et al. 2006) .
The use of long-range deletion derivatives and complementing plasmids showed that an additional 35 genes considered as essential by Baba et al. (2006) could be deleted, further restricting the number of essential genes (not considering small RNAs) to 268 (Kato and Hashimoto 2007) .
A saturated transposon-mutant library was recently reported in which 358 essential genes were identified (Goodall et al. 2018 ); 248 of these essential genes coincide with the essential gene reported previously (Baba et al. 2006) and also with the PEC database (Yamazaki, Niki and Kato 2008) .
Another strategy to determine essential genes has been the use of antisense RNAs; using this approach, 152 essential genes were identified. It is possible that the smaller number of genes identified by this strategy is due to the low-level escape expression of the genes not fully silenced by antisense RNAs (Meng et al. 2012) .
Even though the search for bacterial essential genes in many instances is based in comparative genomics, many of the genes that have been defined as essential in a particular strain have been shown to vary among different bacterial species (Lagesen, Ussery and Wassenaar 2010, Acevedo-Rocha et al. 2013) , and even among different strains of the same species (Juhas et al. 2014) . This variability has been explained by the existence of genes encoding essential functions that have no DNA homology; this phenomenon is called non-orthologous gene displacement (Koonin, Mushegian and Bork 1996, Charlebois and Doolitle 2004) .
The high variability of essential genes even among closely related bacteria represents a challenge to the theory of bacterial evolution (Luo, Gao and Lin 2015 , Oren, Kristensen and Ruppin 2015 , Martínez-Carranza et al. 2018 .
To determine whether the 303 essential genes of E. coli identified by Baba et al. (2006) were conserved among the 63 best-sequenced E. coli genomes present in the NCBI database, we performed a series of blast searches to determine their presence or absence in these genomes (Martínez-Carranza et al. 2018) .
In this work we present the detailed analysis of the case of the bcsB gene, which forms part of a six-gene operon that codes for proteins involved in the synthesis of cellulose (McNamara et al. 2015) . The bcsB gene was reported to be essential (Baba et al. 2006 ), but we found in a previous work (Martínez-Carranza et al. 2018 ) that it was absent from the commensal HS strain (Rasko et al. 2008) .
Our results show that BcsB, which has been proposed to participate in the translocation of cellulose, is only essential in E. coli strains that are proficient in cellulose synthesis, since its activity presumably prevents toxic accumulation of the polymer, which would compromise its viability. Thus, we propose that in the E. coli HS strain that has a 12 kb deletion that comprises most of the bcs genes, the absence of BcsB does not affect cell viability since no cellulose is synthetized.
MATERIALS AND METHODS

Microbiological procedures
The E. coli strains used in this work were the K12 derivative BW25113 (lacI q rrnB T14 lacZ WJ16 hsdR514 araBAD AH33 rhaBAD LD78 ) (Datsenko and Wanner 2000) , the uropathogenic isolate CFT073 (Welch et al. 2002) and the commensal strain HS (Rasko et al. 2008) . These strains were routinely grown at 28
• C,
30
• C or 37
• C on solid or in liquid Luria-Bertani (LB) medium supplemented with the appropriate antibiotics when required: chloramphenicol (Cm) at a concentration of 25 μg/ml, tetracycline (Tc) at a concentration of 15 μg/ml, ampicillin (Amp) at a concentration of 200 μg/ml and apramycin (Apra) at a concentration of 60 μg/ml. To visualize cellulose production, E. coli strains were grown overnight in liquid LB medium under aeration at 37
• C and 5 μL of the overnight culture was spotted on salt-free LB agar plates containing Congo red (40 μg/ml) and Coomassie brilliant blue (20 μg/ml) and incubated at 28
• C or at room temperature for 7 days (Serra, Richter and Hengge 2013) .
Selection of bcsB and bcsA mutants
The DNA primers used to construct bcs deletion mutants have either 39 or 40 nucleotide 5 extensions identical to the 5 and 3 sequences of the gene to be deleted (thus, the deletion mutants contain either 39 or 40 nucleotides of the gene sequence), and a 20-nt 3 extension to PCR-amplify the antibiotic resistance cassette (see Supplementary Materials Table S1 ). The only exception is the construction of CFT073 bcsB chromosomal mutants in the presence of plasmid pUCP20-bcsAB, where we used 50 nucleotide 5 extensions identical to the 5 and 3 sequences of the flanking regions of the bcsB gene. The final PCR product was flanked by these 40-nt sequences to provide recombination sequences with the specific DNA genomic region to be deleted (Datsenko and Wanner 2000) . For carrying out the PCR-targeted gene disruptions, strains BW25113 and CFT073 carrying pIJ790, a chloramphenicol-resistant derivative of the Datsenko and Wanner lambda Red plasmid pKD20 (Gust et al. 2003) , were grown with chloramphenicol and 1 mM L-arabinose at 30
• C to an OD 600 of 0.5 and then concentrated by centrifugation and washed three times with ice-cold 10% glycerol. PCR products were gel-purified and suspended in elution buffer. The electrocompetent cells were transformed with 1 μg of PCR product. Shocked cells were added to 1 ml of LB medium with 1 mM L-arabinose, incubated 2 h at 30
• C and then concentrated and spread onto LB agar plates to select Tc R or Apra R transformants with a substitution of the selected gene. PCR reactions were carried out to confirm the substitutions, by amplification of a product corresponding in size to the antibiotic resistance cassette instead of the full gene, using total DNA of the resulting transformants. The procedure to make a double bcsA-bcsB deletion in CFT073 strain consisted of a sequential approach, so the bcsA mutant was used to construct the deletion of bcsB.
The reported number of mutants obtained in this work corresponds to the mean ± standard deviation of the number of colonies obtained in three independent experiments.
The sequence of the oligonucleotides used in this work is shown in Supplementary Materials (Table S1 ). 
Plasmids construction
DNA fragments of 2749 bp and 5091 bp corresponding to the promoterless bcsA and bcsAB genes, respectively, and flanked by EcoRI and XbaI sites, were amplified, digested and ligated into plasmid pUCP20 (West et al. 1994) previously digested with the same enzymes resulting in pUCP20-bcsA or pUCP-bcsAB, with bcsA or bcsAB under the control of the lac promoter. Isopropyl-β-D-1-thiogalactopyranoside (IPTG) at a concentration of 0.5 mM was used to express the genes under the lac promoter.
RESULTS AND DISCUSSION
Genome analysis of the bcs genes in strains BW25113, CFT073 and HS
When we searched for the sequence of the bcsB gene in the commensal E. coli strain HS (Rasko et al. 2008) , we realized that the genome of this strain had an apparent 12 kb chromosomal deletion (Fig. 1) compared with E. coli K 12 BW25113 and the uropathogenic strain CFT073 (Welch et al. 2002) . This deletion comprises most of the bcs genes that are involved in cellulose synthesis and translocation (McNamara, Morgan and Zimmer 2015) including bcsB that was reported to be an essential gene (Baba et al. 2006) . We corroborated the existence of the 12 kb deletion in the HS genome by PCR (Fig. 2) .
It was reported that bcsB was an essential gene in strain BW25113, but other bcs genes, such as bcsA and bcsC, were not, so the Keio collection includes mutations in all the bcs genes with the exception of bcsB (Baba et al. 2006) . It has been reported that bcsB encodes a periplasmic protein with a C-terminal transmembrane anchoring helix; the presence of two carbohydratebinding domains has suggested that BcsB could be involved in the translocation of cellulose across the periplasm (Fig. 3A) . In addition, it has been shown that in Rhodobacter sphaeroides BcsB is not only involved in the translocation of newly synthesized cellulose, but is also required for the activity of cellulosesynthase, a transmembrane protein encoded by bcsA (Morgan, Strumillo and Zimmer 2013, Omadjela et al. 2013) , and that BcsA and BcsB are sufficient for the in vitro production of cellulose (Omadjela et al. 2013) . We hypothesize that a mutation in bcsB might be lethal in E. coli if, unlike R. sphaeroides, cellulose synthesis, but not its translocation, can occur in the absence of BcsB. Identification of the deletion of the bcs genes in the chromosome of E. coli strain HS. PCR was used to amplify the bcs region, using oligonucleotides bcsHSFw and bcsHSRv (Supplementary materials Table S1 ). As expected, in the HS strain the size of the amplification product is 2.1 Kb, due to deletion of almost all of the bcs genes (lane 1) and the size of the PCR product in the CFT073 strain is 13.9 Kb (lane 2). The molecular size markers correspond to lambda phage DNA restricted with HindIII enzyme.
This would cause toxic accumulation of newly synthesized cellulose (Fig. 3B ).
Phenotypic characterization of cellulose synthesis in strains BW25113, CFT073 and HS
The production of cellulose by strains studied in this work was determined in LB plates without NaCl, containing Congo red (40 μg/ml) and Coomassie brilliant blue (20 μg/ml) (Serra, Richter and Hengge 2013) (Fig. 4) . In this condition biofilms that produce curli and lack cellulose production like strains BW25113 and BW25113 bcsA are defined as 'brown' (deep purple in our hands), without a flower-like structure (Reichhardt et al. 2016) (Fig. 4A) . Those producing cellulose, but lacking curli, present a structured biofilm with pinkish structures (see strains CFT073 and CFT073 bcsA, bcsB with plasmid pUCP-bcsAB, Fig. 4B ). Strains lacking curli and cellulose production are non-structured et al. (2015) , but in this version we highlight the hypothesis proposed in this work (part B), that in E. coli BcsA is able to synthetize cellulose in the absence of BcsB, but cellulose is not translocated across the periplasm leading to toxicity. and white (like the CFT073 bcsA, bcsB double mutant, Fig. 4B  and strain HS, Fig. 4C ). The lack of cellulose production by strain HS is due to the 12 kb deletion that eliminates most of the bcs genes (Figs 1, 2 and 4C ).
In the case of strain BW25113, lack of cellulose production can be explained considering the report that the W3110 and MG1655 early lineages of E. coli K 12 have a nonsense mutation in bcsQ that renders them unable to produce cellulose (Serra, Richter and Hengge 2013) . Since both of these lineages are derived from strain W1485 (Ferenci et al. 2009) , which is also the ancestor of BW25113 (Datsenko and Wanner 2000) , it is therefore likely that all W1485-derived strains are cellulose-negative due to this mutation. We further confirm that the 'brown' unstructured appearance of strain BW25113 was due to its production of curli and lack of cellulose production because the BW25113 bcsA mutant has the same appearance as strain BW25113 (Fig. 4A) .
In order to corroborate the presence in strain BW25113 of the nonsense mutation previously described (Serra, Richter and Hengge 2013), we amplified and sequenced part of the bcsQ gene of this strain (the nonsense mutation is a T to A transversion at position 17) using the oligonucleotides shown in supplementary materials (Table S1 ). As expected, strain BW25113 contains the reported point mutation, while strain CFT073 does not (see supplementary material Fig. S1 ). Production of cellulose by strains BW25113, HS and CFT073. Strains BW25113 and its bcsA mutant derivative (A), the wild type strain CFT073, its derived bcsA-bcsB double and this mutant complemented for cellulose production by plasmid pUCP-bcsAB (B), and strain HS (C) were grown for 7 days on plates containing modified LB medium with Congo red and Coomassie brilliant blue as described in the Materials and Methods section. The observed morphotype of the macrocolonies is according to the classification of morphotypes in Enterobacteriaceae (Römling et al. 2005; Steenackers et al. 2012) . Strains BW25113 and BW25113 bcsA mutant produce curli, but do not produce cellulose (CUR+, CEL-). Strain CFT073 lacks curli production, but produces cellulose (CUR-, CEL+). The bcsA-bcsB double mutant derivative of CFT073 does not produce either curli or cellulose (CUR-, CEL-); this double mutant is complemented with pUCP-bcsAB for cellulose production (CUR-, CEL+). Strain HS is a non-curli strain unable to produce cellulose (CUR-, CEL-).
The fact that bcsB was defined as essential by Baba et al. (2006) suggests that the BW25113 strain that they were using was capable of cellulose production, even though this strain belongs to the lineage unable to synthesize cellulose. It is thus possible that the actual BW25113 strain used in that work was a spontaneous revertant or a pseudo-revertant able to produce cellulose.
Once we checked that the BW25113 strain was unable to produce cellulose, we used it in the mutagenesis experiments as a control of a strain that contains all the bcs genes, but does not produce cellulose due to the frameshift mutation present in bcsQ (Serra, Richter and Hengge 2013) .
Isolation of bcsA, bcsB and double bcsA-bcsB deletions in strains CFT073
If our assumptions were correct, we would be able to isolate bcsA-bcsB double mutants in the cellulose producing strain CFT073, but no bcsB mutants, as reported previously (Baba et al. 2006) . On the other hand, a similar number of bcsB mutants would be isolated using either BW25113 or its bcsA mutant present in the Keio collection (Baba et al. 2006) .
In agreement with this hypothesis we found that no single bcsB mutants was isolated in three independent experiments using the CFT073 strain, while we obtained a mean of 98.3 ± 7 bcsA mutants/μg of DNA of the PCR product used to construct the mutation in the three repetitions of this experiment. Furthermore, we isolated 86.3 ± 9 bcsB CFT073 mutants/μg of DNA when plasmid pUCP-bcsAB was present in the cell expressing bcsAB genes induced with IPTG, while we isolated 3.3 ± 3 bcsB mutants/ μg of DNA without IPTG induction, and none was identified in the presence of the empty pUCP20 vector. The oligonucleotides used to construct the bcsB CFT073 mutants in the presence of plasmid pUCP-bcsAB (see supplementary information Table S1 ) were located outside the bcsB gene, thus they were only able to recombine in the CFT073 chromosome and not in the pUCP-bcsAB plasmid. We confirmed this to be the case by analyzing some of the mutants obtained in these experiments by PCR (data not shown).
Also according to our prediction we found a similar frequency of single bcsB mutations by the Datsenko and Wanner (2000) procedure using either the BW25113 bcsA mutant or the wild-type strain as recipients (127 ± 12.5 and 199 ± 13.4 mutants/μg of PCR product, respectively).
It is thus possible that bcsB was previously defined as an essential gene (Baba et al. 2006) , because the E. coli strain used for the generation of the mutations in the bcs genes was proficient in the synthesis of cellulose.
Based on these results, we can conclude that E. coli HS strain does not have a reduced viability, even though it lacks bcsB, because it is unable to produce cellulose, as are the E. coli K12 derivatives.
Expression in trans of bcsB and bcsA in the CFT073
bcsA-bcsB double mutant
If our hypothesis about the essentiality of BcsB only in cellulose producing strains was correct, it would be expected that the CFT073 bcsA-bcsB double mutant could be transformed and complemented by a plasmid containing both bcsA and bcsB, but no transformants would be obtained with a plasmid containing only bcsA. According to this hypothesis, we obtained 75.3 ± 14.6 transformants/μg of plasmid pUCP-bcsA using wild-type CFT073 as recipient, while only between 0.66 ± 1.1 transformants were obtained using the bcsA-bcsB double mutant with the same amount of plasmid DNA and none of them were able to produce cellulose. These apparent transformants likely possess a plasmid with a rearranged insert or are spontaneous Amp r mutants. When we used the CFT073-derived bcsAbcsB double mutant as recipient for the transformation with plasmid pUCP-bcsAB, we obtained 92 ± 17 transformants/μg of plasmid DNA and all of them were able to produce cellulose.
Our analysis about the essentiality of the bcsB gene in E. coli provides evidence supporting the view that defining essential genes using as the only criterion the inability to isolate viable mutants can lead to questionable conclusions, since the inactivation of some genes can only be achieved in determined genetic backgrounds and is not always related to the participation of the gene product in crucial biological processes (Martínez-Carranza et al. 2018) . In addition, our results challenge the use of the criterion of the conservation of a gene in different strains of a single species to define an essential gene, since bcsB is highly conserved among E. coli isolates (Martínez-Carranza et al. 2018 ), but it is only a conditionally essential gene for this bacterium, as shown in this work.
Thus, when a particular gene is essential only in some strains belonging to the same bacterial species, it is important to define how its essential nature is conditioned by different genetic backgrounds. In the case of anti-toxin coding genes or phage repressors, it is clear that they are only essential in the presence of their cognate toxin gene or phage genes, but there are other cases, such as the bcsB gene studied here, where the answer was not so apparent.
